Abstract. Prostate cancer (PCa) is the most frequently diagnosed type of cancer in Chinese males. Cell-cycle aberration is a hallmark of cancer. Spindle pole body component 25 homolog (SPC25), a component of the Ndc80 complex, serves an important role in regulating mitotic chromosome segregation. However, the functional roles of SPC25 in PCa remain poorly understood. To the best of our knowledge, the present study was the first to demonstrate that SPC25 is significantly upregulated in PCa. In order to investigate the molecular roles of SPC25, a loss of function assay was performed, revealing that SPC25 knockdown inhibited cell proliferation, and induced a decrease in the number of cells in the S phase and an increase in the number of cells in the G2/M phase. Furthermore, SPC25 knockdown promoted the apoptosis of PCa cells. Additionally, bioinformatics analysis revealed multiple functional roles of SPC25 in regulating cell proliferation, apoptosis, invasion, transforming growth factor-β signaling and the SUMOylation pathway in PCa. The present study also evaluated the potential prognostic value of SPC25 using The Cancer Genome Atlas RNA-seq data and demonstrated that SPC25 was upregulated in late stage PCa. Kaplan-Meier analysis demonstrated that lower SPC25 expression was associated with an improved survival rate in patients with PCa. Taken together, these results suggested that SPC25 serves an oncogenic role in PCa and may act as a novel diagnostic and therapeutic target for PCa.
Introduction
One of the common hallmarks of cancer is abnormal mitosis (1) . Kinetochores are the key complexes that regulate mitotic chromosome segregation by generating physical connections between chromosomes and spindle microtubule polymers (2, 3) . The Ndc80 complex, a hetero-tetramer protein complex of Ndc80, Nuf2, Spc24 and Spc25, is at the core of the kinetochore and is the key kinetochore coupler (4) . Recent studies have demonstrated that abnormal expression of the Ndc80 complex is involved in the progression of human cancer (5-7). For example, NDC80 (7) and NUF2 (6) were reported as oncogenes in colon cancer and osteosarcoma. SPC25, together with SPC24, binds the kinetochore at one end of the Ndc80 complex (8) . However, the functional roles of SPC25 in cancer remain unknown.
In the past decade, prostate cancer (PCa) is the most frequently diagnosed type of cancer in Chinese males (9) . Over the past three decades, certain genes, including androgen receptor (10) , speckle-type POZ protein (11, 12) , motor neuron and pancreas homeobox 1 (13, 14) , were identified as key regulators in PCa. As a result, the survival rate of patients with localized PCa has been improved owing to surgery and radiotherapy (15) . However, the molecular mechanisms underlying PCa progression remain poorly understood. Therefore, the identification of novel regulators as diagnostic and therapeutic strategies is urgently required.
The present study investigated the expression of SPC25 in PCa tissues using The Cancer Genome Atlas, and investigated the potential roles of SPC25 in regulating cell proliferation, cell cycle, cell migration and apoptosis. The present study may provide useful information for the identification of novel therapeutic and prognostic targets for PCa.
Materials and methods
Patients and clinicopathological data. The detailed SPC25 expression data of 490 patients with PCa were downloaded from The Cancer Genome Atlas (TCGA, https://tcga-data. nci.nih.gov/tcga/) database by using the Firebrowse dataset (http://firebrowse.org/) (16, 17) . The RNA expression data (level 3) were generated from the HiSeq 2000 sequencing platform (Illumina Inc., San Diego, CA, USA) by RNASeqV2 post-processing pipelines and were presented as RNA-Seq by Expectation-Maximization normalized count data. Patient   Knockdown of spindle pole body component 25 homolog inhibits  cell proliferation and cycle progression in prostate cancer   FEILUN CUI  1 , JIANPENG HU  1 , YU FAN  2 , JIAN TAN  1 and HUAMING TANG   1 clinical features, including age at diagnosis, days to last follow-up, pathological tumor (T) stage and node (N) stage, were retrospectively obtained from patient records. All the patients were staged using the 2009 Tumor-Node-Metastasis (TNM) classification of the American Joint Committee on Cancer/International Union Against Cancer (18) . The Gleason grading system was also used to evaluate the prognosis of men with prostate cancer using samples from a prostate biopsy. The Gleason scores range from 2 to 10, with higher number indicating greater risks and higher mortality (19) . In order to further investigate the prognostic value of SPC25 in PCa, the overall survival rates of patients with high or low SPC25 expression were assessed using the Kaplan-Meier method by using GSE21032 dataset, which was reported by Taylor et al. The upper 75% SPC25 mRNA expression in all PCa tissues was used as the cut-off point to divide all cases into high (n=36, ≥75% SPC25 expression), and low (n=105, <75% SPC25 expression), groups and clinicopathological characteristics, including the Gleason score.
Lentiviral constructs and transfections.
A total of 6 µg SureSilencing short hairpin RNA (shRNA) plasmids (Qiagen GmbH) were used against SPC25 to knockdown SPC25 expression levels using standard molecular techniques. The SPC25 shRNA sequence was as follows: 3 '-CCG GC  CAT CAA AGC ATT TGC AGA AAC TCG AGT TTC TGC AAA  TGC TTT GAT GGT TTT TG-5' , which were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). 293T cells were infected with the recombinant lentiviral vectors using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) to generate stably transfected cells. A total of 4 h after transfection, the Opti-MEM was changed to RPMI-1640 medium containing 10% fetal bovine serum (GE Healthcare Life Sciences, Little Chalfont, UK), 100 U/ml penicillin and 100 µg/ml streptomycin, and were cultured at 37˚C in 5% CO 2 . After 24 h, concentrated lentiviruses were collected. Opti-modified Eagle's medium (Opti-MEM) which was ideal for use during cationic lipid transfections especially Lipofectamine 2000 transfection reagents was purchased from Thermo Fisher Scientific, Inc (cat. no. 31985062). Concentrated lentiviruses were transfected at a multiplicity of infection (MOI) of 40 in serum-free RPMI-1640 medium. The supernatant was replaced with complete culture medium (RPMI-1640 medium containing 10% fetal bovine serum; GE Healthcare Life Sciences) after 24 h. The expression of SPC25 shRNA in infected cells was determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The SPC25 shRNA sequence was as follows: 3'-CCG GCCA TCA AAG CAT TTG CAG AAA CTC GAG TTT CTG CAA ATG CTT TGA TGG TTT TTG-5' , which were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). Knockdown effects of these shRNA plasmids on endogenous SPC25 expression were validated 48 h following their transfection using by RT-qPCR.
Cell culture. Prostate cancer PC-3 cells and 293T cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and confirmed by short tandem repeat analysis (20) . Cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum (GE Healthcare Life Sciences), 100 U/ml penicillin and 100 µg/ml streptomycin, and were cultured at 37˚C in 5% CO 2 .
RT-qPCR. Total RNA was extracted from PC-3 cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was synthesized using a PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). qPCR was performed with cDNA samples using the iQSYBRGreenSupermix and ABI Prism 7900 platform (both Bio-Rad Laboratories, Inc., Hercules, CA, USA), according to the manufacturer's protocol. PCR cycling conditions were 50˚C for 2 min, followed by 95˚C for 10 min, 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The 2 -ΔΔCq method was used to calculate the relative expression level by normalizing to GAPDH levels. The following primer sequences were used: SPC25 forward, 5'-AGA AGA ACG AAT GGT TGA GAT-3' and reverse, 5'-TCC TGG ATA TTT GCA GTC AGT-3'; and GAPDH forward, 5'-TGA CTT CAA CAG CGA CAC CCA-3' and reverse, 5'-CAC CCT GTT GCT GTA GCC AAA-3'. Each sample was run in triplicate to ensure quantitative accuracy.
Plate analysis with the adherent cell cytometry system Celigo ® . PC-3 cells were stained with fluorescence nuclear staining (Hoechst nuclei stain; 2.6 µg/ml; Invitrogen; Thermo Fisher Scientific, Inc.) for 10 min at 37˚C. The adherent cell cytometry system, Celigo ® (analyzed by Application Programing Interface, version 1.0, software), allowed rapid quantification of cellular fluorescence expression as previously described (21) . siGLO Green Transfection Indicator (50 nM, Dharmacon Inc., Lafayette, CO, USA) was transfected into PC-3cells with DharmaFECT 1 (0.15 µg/100 µl well, Dharmacon Inc.). After 24 h, cells were washed with 1X PBS and stained with Hoechst nuclei stain (2.6 µg/ml; Invitrogen; Thermo Fisher Scientific, Inc.). Plates were analyzed using the adherent cell cytometer equipped with bright field and fluorescent channels: A blue 4' ,6-diamidino-2-phenylindole filter for the Hoechst nuclei stain and a green filter for the siGLOGreen (Dharmacon Inc.). Gating parameters were adjusted for each fluorescence channel to exclude background and other non-specific signals. The Celigo ® system provided a gross quantitative analysis for each fluorescence channel and individual well, including total count and average integrated red fluorescence intensity of gated events.
Cell proliferation assay. An MTT assay was performed in order to evaluate changes in cell proliferation. A total of 5,000 transfected PC-3 cells were seeded onto 96-well plates at a final volume of 100 µl medium/well (RPMI-1640 medium containing 10% fetal bovine serum; GE Healthcare Life Sciences). Proliferation was assessed at 0, 24, 48, 72 and 96 h. Cell proliferation was quantified by adding 20 µl MTT (0.5 mg/ml; Sigma-Aldrich; Merck KGaA, dissolved in dimethyl sulfoxide; Sigma-Aldrich; Merck KGaA), according to the manufacturer's protocol. Following a 4 h incubation, the plates were monitored using a PowerWave XS Microplate reader (BioTek Instruments, Inc., Winooski, VT, USA), which measured absorbance at 490 nm. The absorbance at 570 nm was used as a reference. Each experiment was performed at least in triplicate.
Cell cycle and apoptosis assay. Following transfection for 48 h, cells were harvested and washed with phosphate-buffered saline (PBS) three times. Cells were incubated with PBS containing 0.03% Triton X-100, 100 ng/ml RNase A and 50 ng/ml propidium iodide (PI) for 15 min at 37˚C. The distribution of cells in the different phases of the cell cycle was analyzed using a FACSanto flow cytometer (BD Biosciences, San Jose, CA, USA). Data on cell cycle distribution were analyzed using ModFit LT 3.0 software (BD Biosciences). For the apoptosis assay, cells were assayed with an Annexin V-APC Apoptosis Detection kit (eBioscience; Thermo Fisher Scientific, Inc.) and were analyzed using a flow cytometer (BD Biosciences).
Microarray and expression datasets. Total RNA was extracted from shSPC25 and shRNA control samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and the RNeasy mini kit (Qiagen GmbH, Hilden, Germany). Total RNA was quantified by the NanoDrop ND-2000 (Thermo Fisher Scientific, Inc.) and the RNA integrity was assessed using Agilent Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA, USA).
Global expressions of mRNAs in 3 SPC25 shCtrl samples and 3 shSPC25 were examined using the Gene Chip Prime View Human Gene Expression Array (Thermo Fisher Scientific, Inc.). The sample labeling, microarray hybridization and washing were performed according to the manufacturer's protocols. The raw microarray data were uploaded to the Gene Expression Omnibus (GEO) public repository (http://www. ncbi.nlm.nih.gov/geo/; GEO series no. GSE73397). Raw data were normalized using the log2 scale. Two-class unpaired significance analysis of microarray (22) was employed to filter significantly differentially expressed mRNAs between shCtrl and shSPC25. To begin with, the raw data were normalized using the quantile algorithm. The probes for which ≥1 out of 2 conditions have flags in 'P' were selected for further data analysis. Differentially expressed mRNAs were subsequently identified through fold change. The threshold set for upregulated and downregulated genes was a fold change ≥2.0. Subsequently, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) analyses of differently expressed downstream genes of SPC25 were performed using an Ingenuity Pathway Analysis system (https://www.qiagenbioinformatics. com/products/ingenuity-pathway-analysis/).
Statistical analysis.
The numerical data are presented as the mean ± standard deviation of ≥3 repeats. To determine the associations between SPC25 expression and the clinical characteristics of the tumors, Student's t-tests or Mann-Whitney U-tests were used as appropriate. For variables ≥3 groups, the Kruskal-Wallis H test was used for non-parametric analysis. Tukey HSD was used as the post hoc test. Kaplan Meier analysis, followed by the log-rank test, and Cox regression analyses were utilized to assess the association between SPC25 and overall survival as well as the prognosis of PCa. All tests were two-sided and P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using the SPSS software package, version 15.0 (SPSS, Inc., Chicago, IL, USA).
Results

SPC25 was upregulated in PCa.
The present study used the TCGA database to investigate the expression pattern of the Ndc80 complex in PCa. It was revealed that SPC25, SPC24 and NUF2 were significantly upregulated and NDC80 was downregulated in PCa samples compared with matched normal tissues (Fig. 1A-D) . To the best of our knowledge, the functional roles of SPC25 in cancer had not previously been reported. Therefore, SPC25 was selected for further study. The results of the present study demonstrated that SPC25 was significantly upregulated in PCa samples compared with matched normal tissues (Fig. 1E) . Additionally, >90% of PCa tissues expressed high levels of SPC25, while only ~10% (3/38) of matched adjacent normal tissues expressed high levels of SPC25 (Fig. 1F) .
SPC25 knockdown inhibits cell proliferation in PC-3 cells.
In order to characterize the role of SPC25 in the PC-3 cell line, SPC25 shRNA was used to knockdown its expression. The results of the present study demonstrated that shSPC25 significantly reduced SPC25 mRNA expression compared with expression in cells transfected with the negative control ( Fig. 2A) . When PC-3cells were transfected with shSPC25, cell proliferation was decreased (Fig. 2B-D) .
SPC25 knockdown decreased the number of PCa cells in the S phase and increased the number in the G2/M phase.
Subsequently, the effect of SPC25 knockdown on cell cycle progression in PC-3 cells was determined using a flow cytometer. Knockdown of SPC25 in PC-3 cells increased the percentage of cells in the G2/M phase and decreased the percentage of cells in the S phase, but did not affect the percentage of cells in the G1 phase compared with cells treated with the negative control ( Fig. 3A and B) . These results indicated that SPC25 was involved in regulating the PCa cell cycle.
SPC25 knockdown promotes the apoptosis of PCa cells.
Subsequently, the role of SPC25 in the apoptosis of PCa cells was investigated. PC-3 cells stably expressing shSPC25 and stained with Annexin V-APC were analyzed by flow cytometry. As demonstrated in Fig. 4 , SPC25 knockdown promoted the apoptosis of PC-3 cells.
Bioinformatics analysis reveals multiple functional roles of SPC25 in PCa.
To further investigate the functional roles of SPC25 in PCa, mRNA expression profiling was used to detect global gene expression levels following SPC25 knockdown. Analysis of the microarray data revealed 193 upregulated and 297 downregulated genes following SPC25 knockdown, with an average expression level >1.5-fold (P<0.05; Fig. 5A ). Subsequently, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) analyses of differently expressed downstream genes of SPC25 were performed using an Ingenuity Pathway Analysis system (www.ingenuity.com). SPC25 was significantly involved in regulating role of tissue factor in cancer, mouse embryonic stem cell pluripotency pathway, transforming growth factor-β signaling, SUMOylation pathway, retinoic acid receptor activation, extracellular-signal-regulated kinase 5 signaling, bladder cancer signaling, hepatocyte growth factor signaling and nerve growth factor signaling (Fig. 5B) . GO analysis demonstrated that SPC25 widely participated in the regulation of the migration of cells, cell movement, cell proliferation of tumor cell lines, angiogenesis, development of vasculature, vasculogenesis, growth of tumor, cell movement of tumor cells, enlargement of cells, organismal death, morbidity or mortality, apoptosis, growth of epithelial tissue and invasion of cells (Fig. 5C) .
Upregulation of SPC25 predicts a poor prognosis in PCa.
Furthermore, the present study evaluated the possible prognostic value of SPC25 using TCGA RNA-seq data. The results demonstrated that the expression level of SPC25 was significantly associated with the pathological T stage and the N stage of PCa. The results of the present study revealed that SPC25 levels were higher in N1 stage PCa samples than inN0 stage PCa samples (Fig. 6A) . It was also revealed that SPC25 expression was significantly upregulated in T3/T4 PCa samples compared with expression in T2 PCa samples (Fig. 6B) . These results suggested that SPC25 may be involved in PCa metastasis.
Analysis of the TCGA database demonstrated that a significantly higher expression of SPC25 was observed in Gleason 8 (P<0.001) and Gleason 9 (P<0.001) patients compared with Gleason 6 and Gleason 7 patients (Fig. 6C) (19) .
In order to further investigate the prognostic value of SPC25 in PCa, the overall survival rates of patients with high or low SPC25 expression were assessed using the Kaplan-Meier method. Using the Taylor dataset (GSE21032) (23), 75% SPC25 mRNA expression in all PCa tissues was used as the cut-off point to divide all cases into high (n=36) and low (n=105) SPC25 expression groups. As demonstrated in Fig. 6D , compared with patients with high SPC25 expression, the 5-year BCR-free survival rates were higher in patients with low SPC25 expression in this dataset (Fig. 6D) , indicating that the low level of SPC25 was associated with a longer BCR-free survival time.
Discussion
SPC25 is a member of the Ndc80 complex that serves an important role in regulating mitotic chromosome segregation (4). Abnormal expression of the Ndc80 complex was observed in different types of human cancer (5-7). For example, SPC24, a co-factor of SPC25, was revealed to be critical for the progression of anaplastic thyroid cancer (24) . The present study focused on investigating the roles of SPC25 in PCa. In a previous study, SPC25 was significantly overexpressed in human breast tumor tissues and was associated with reduced overall survival (25) . However, the functional roles of SPC25 in cancer remain unknown.
The present study analyzed the TCGA database in order to investigate the expression pattern of the Ndc80 complex in PCa. The results demonstrated that SPC25 was significantly upregulated in PCa samples compared with expression in matched normal tissues. These results suggested that SPC25 may act as an oncogene in PCa. In order to characterize the role of SPC25 in PCa cells, a loss of function assay was performed in the present study. The results demonstrated that SPC25 knockdown may significantly reduce PCa cell proliferation. Given that SPC25 is an important component of the mitotic checkpoint machinery, the roles of SPC25 in regulating the PCa cell cycle were also investigated. It was revealed that SPC25 knockdown induced a decrease in the number of PCa cells in the S phase and an increase in the number of PCa cells in the G2/M phase. Furthermore, SPC25 knockdown promoted the apoptosis of PCa cells. Taken together, these results demonstrated that SPC25 serves an oncogenic role in PCa by regulating the cell cycle and apoptosis.
The present study demonstrated the effect of SPC25 on cell cycle regulation. In order to further investigate the functional roles of SPC25 in PCa, bioinformatics analysis was performed, in combination with a high-throughput array. A total of 193 genes were identified to be upregulated and 297 genes were identified to be downregulated following SPC25 knockdown. In line with the experimental results of the present study, GO analysis revealed that SPC25 is involved in regulating cell proliferation and apoptosis. Notably, SPC25 downstream genes were revealed to be significantly enriched in cell invasion pathways. Furthermore, KEGG pathway analysis demonstrated that SPC25 was involved in regulating role of tissue factor in cancer, mouse embryonic stem cell pluripotency, transforming growth factor-β signaling and SUMOylation PCa is one of the most frequently diagnosed types of cancer worldwide (1). In the last three decades, a series of genes, including prostate-specific antigen (PSA) (26, 27) , prostate cancer associated 3 (26) , and ubiquitin-like with PHD and RING finger domains (28) were revealed to be dysregulated in PCa and thus, may act as biomarkers. Notably, PSA testing was the most widely used biomarker of PCa (27) . However, there are limitations regarding the accuracy of these tests (29) . Therefore, there remains an urgent requirement to identify novel biomarkers for PCa. In the present study, the possible prognostic value of SPC25 was evaluated using TCGA RNA-seq data. According to this analysis, the expression level of SPC25 was significantly upregulated in T3/T4 PCa samples compared with T2 PCa samples. These results also revealed that SPC25 levels were higher in N1 stage PCa samples than in N0 stage PCa samples. Analysis of the TCGA database also demonstrated that a significantly higher expression of SPC25 was observed in patients with high Gleason scores (Gleason 8 and Gleason 9) than in patients with low Gleason scores (Gleason 6 and Gleason 7). Kaplan-Meier analysis revealed that patients with PCa with a low expression of SPC25 had a longer BCR-free survival time than those with a high expression of SPC25. To the best of our knowledge, the present study was the first to report that SPC25 was involved in the prognosis of PCa.
To the best of our knowledge, the present study was the first to demonstrate that SPC25 was significantly upregulated in PCa. In order to investigate the molecular functional roles of SPC25, a loss of function assay was performed and it was revealed that SPC25 knockdown inhibited cell proliferation and induced a decrease in the number of PCa cells in the S phase and an increase in the number of cells in the G2/M phase. Further more, SPC25 knockdown promoted the apoptosis of PCa. Notably, bioinformatics analysis revealed multiple functional roles of SPC25 in regulating cell proliferation, apoptosis, invasion, role of tissue factor in cancer, transforming growth factor-β signaling, and SUMOylation pathway in PCa. Furthermore, the present study evaluated the possible prognostic value of SPC25 using TCGA RNA-seq data and revealed that SPC25 was upregulated in late pathological stages of PCa. Kaplan-Meier analysis demonstrated that lower SPC25 expression levels were associated with better survival of patients with PCa. Taken together, the results of the present study suggested that SPC25 serves an oncogenic role in PCa and may act as a novel diagnostic and therapeutic target for PCa.
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